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Abstract 
 
Current microelectronics and micro-electromechanical systems (MEMS) fabrication 
techniques are optimized for the production of very large volume of parts on a limited range of 
substrates. These processes have been designed to produce excellent results but still consume 
large amounts of time and resources and require expensive machinery and facilities. Over the 
past few years many low cost, fast printing processes have begun to emerge capable of 
economically producing electronics and MEMS on a variety of substrates. Examples of printed 
electronic devices include sensors, organic photovoltaic, intelligent packaging, radio frequency 
identification devices and flexible displays. One such process currently under development at the 
University of Illinois is micro transfer printing. 
Micro transfer printing is a process by which micro devices and circuit elements 
fabricated using standard micro fabrication techniques are picked up and printed onto a 
destination substrate using a patterned flexible elastomeric stamp. The advantages of the process 
are low cost, high flexible, high through put, novel target substrates and the devices maintain 
performance of the host semiconductor. Commercialization of this process depends on the 
development of innovative technologies for the application of the process to fast and flexible 
process paradigms realizing innovative products and the ability to integrate the process into 
existing fabrication processes.    
This thesis describes the theoretical and practical design of a suite of technologies 
designed to increase the ease of usage, flexibility, robustness and printing capabilities of the 
transfer printing tool. We present the design and construction of an instrumented stamp for 
contact sensing at the device level to close the loop around the pickup and printing process and 
provide a means of feedback.  This method has provided an alternative to detect process events 
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and has also been shown to provide means of diagnosing the process as it is running. Along with 
the instrumented stamps a remote center of compliance tip tilt stage used to perform alignment 
with minimal loss of registration was also designed and developed for the transfer printer.  
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Chapter 1: Introduction 
 
Nature has given us a finite set of materials. For thousands of years man has endeavored 
to understand and use them to his benefit; always trying to improve and build upon what has 
been provided until the best possible solution is found. In the past as new needs developed, new 
techniques and materials offering the best possible solution were put together to address them. 
New technologies based on combination of past ones were formed and in doing all this new 
materials and natural phenomenon were discovered, which in turn gave rise to newer and better 
technologies and processes Using the same concept of improving properties of materials and 
development of new processes and technologies a new method for creating functional materials 
was developed – Heterogeneous Integration. At its heart heterogeneous integration is the process 
of embedding functionality into materials at precise locations where it is needed, using the best 
possible materials for that specific function. One such process that has recently been developed 
to enable 3D heterogeneous integration is micro transfer printing. Micro transfer printing aims at 
achieving 3D heterogeneous integration by highly parallel deterministic transfer of diverse 
classes of materials adaptable to broad levels of functional integration- into the precise 
architectures required by devices.  
 This thesis presents some recent process developments made to enable automated micro 
transfer printing, a process, recently developed at the University of Illinois. Micro transfer 
printing has the potential to bear far reaching effects on the approach to patterning and 
nano/micro fabrication in many fields of application. At the heart of this process is the use of 
highly parallel deterministic assembly of nano/microstructures fabricated using standard and 
newly developed fabrication techniques (from now on called “inks”) and their integration into 
disparate substrates in the precise architecture required by devices – heterogeneous integration. 
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There has been a significant expansion in the capability of transfer printing in terms of both the 
range of materials patterning it addresses and the scope of enabling applications because of the 
cost effectiveness and scalability of various forms of the process; evolving it into an 
exceptionally sophisticated approach to materials fabrication [1]. To scale up and commercialize 
micro transfer printing into a routine manufacturing process new technologies and printing 
protocols have to be developed that would enable micro transfer printing to incorporate a wide 
array of source and target materials, provide high throughput while still maintain the low cost, 
flexibility and simplicity inherent in this technique. This thesis presents a set of technologies that 
address some of the issues and challenges associated with automated micro transfer printing and 
its developments into an everyday method for manufacturing high performance devices using 
heterogeneous integration. The major contributions are the development of a cantilever based 
instrumented stamp; used for force modulation during printing, detection of process events and 
in-situ diagnosis of the process. Design and development of an easy to manufacture flexure hinge 
based remote center of compliance device for alignment of stamp and substrate with minimal 
loss of registration.   
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Chapter 2: Why Print? 
 
Recent years have seen a rapid pace in development of commercial printing and soft 
lithography based processes. This section presents the motivation for printing as a means of 
fabricating microelectronic and MEMS devices and argues for using printing as a means to 
address the inherent production gaps that exist in standard microfabrication. 
2.1 Addressing Production Gap in Electronics and MEMS manufacturing 
Most microelectronic and MEMS devices today are fabricated in semiconductor 
fabrication facilities or “fabs”. These facilities excel at optimizing difficult fabrication processes 
to create a large number of identical products; billions if individual transistors are considered. 
However, these abilities come at a steep cost. These facilities are expensive, provide high 
throughput, are constrained to limited area substrates, materials and use large amounts of 
resources [2]. The following sections highlight some of the production gaps that currently exist 
with fabs and some of the potential benefits that electronics and MEMS printing technologies 
might offer. 
2.1.1 Cost 
The cost of construction and tooling a leading edge 300 mm fab can be about $3 billion 
to $ 5 billion, recently Toshiba Corp. setup  a new 300 mm NAND plant which is expected to 
cost $10-5 billion to $11.5 billion including construction [3]. With such high initial costs only a 
small number of companies can afford to build new capacity. With this situation many are left to 
rely upon grants, loans or partnerships, some companies are even seeking to develop a system of 
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shared manufacturing facilities or foundries, but these might not be able to offer the tight 
integration required by state of the art production [2]. 
With this fact in mind, developing new technologies has become more expensive. 
Manufacturers are only able to focus on products that will provide large volumes in terms of 
sales to justify the high initial cost. Thus there exists a large gap in the production of 
microelectronics and MEMS devices that would require low unit counts and cost. 
2.1.2 Speed 
Depending on the fabrication complexity a batch of wafers can spend anywhere from 10 
to 60 days in a fab [4]. Although the output of a 300 mm fab may be 500 wafers per day, the 
speed of a wafer within the fab is much slower and cycle times may involve up to 4 weeks of 
continuous processing [2]. A cycle time of 6 hours/layer using single wafer processing is 
considered to be very quick [5]. Large cycle times indicate that a large number of wafers are 
under process; this makes the fab vulnerable to large losses due to errors, unresponsive to design 
developments and changes in consumer demand. Reduction in cycle time is important to prevent 
slowing down of the microfabrication industry and is listed as a difficult challenge for both short 
term and long term [6]. Technology shifts are forcing requirements for high throughput, low 
cost, flexible form factors and this has enabled the emergence of electronics printing as one of 
the most efficient technique which allows achieving these criteria. 
2.1.3 Use of Resources 
Fabs have huge appetite for resources. A 2 gram 32 MB DRAM microchip is estimated to 
require 41 MJ of energy to produce. This comes out to be a staggering 20 GJ/Kg energy usage, in 
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comparison; automobile production needs 42 MJ/Kg of energy, 96 to 140 MJ/Kg for polystyrene 
[2].  Although the overall mass of cars produced annually is far greater than the mass of 
microchips, but it still offers an insight contrast between microfabrication and other fabrication 
processes.   
2.1.4 Area 
Most currents fabs are limited to use 300 mm wafers. These fabs balance the high per 
area cost by packing more devices into a small area. This technique is suited for devices 
requiring dense arrays of devices such as microprocessors and memory chips but fail for devices 
requiring large areas or large number of external connections [2]. The type of chemicals and 
temperatures involved in microfabrication makes it impossible for an alternative substrate to be 
used, for example if plastics were to replace silicon in microfabrication the whole fab industry 
would have to change drastically. Fabs are also designed to handle substrates only in the shape of 
a wafer and are incompatible to handle any other shape or materials that are soft and stretchable. 
2.1.5 Addressing Incompatible Process 
When a device is fabricated on a single wafer with processing done in a serial fashion, all 
subsequent processing steps have to be compatible with the materials and devices created by 
previous steps, and this means that compromises on performance have to be made for the sake of 
manufacturability. For example in micro-bolometers vanadium oxide is most commonly used as 
an IR absorbing material, the sensitivity of vanadium oxide can be increased significantly if it is 
annealed at high temperatures, however this is currently not possible because readout circuits are 
fabricated first and once the vanadium is fabricated; it cannot be annealed at high temperature 
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because of CMOS readout circuits already present on the wafer. The ability to form circuit 
components separately and assemble them later into the final device can be advantageous for 
device performance where process compatibility forces compromises on performance. 
2.2 Printing Electronics – What’s Out There 
The field of printing electronics is not new; companies have been using printing 
techniques to fabricate devices like membrane switches and keypads for more than 2 decades. 
The requirements to address the production gap in current microfabrication have created a set of 
technologies loosely termed as “printed electronics”. The realm of printed electronics is very 
large and everything cannot be included in this discussion. There exist many methods and 
schemes of printing out there with new techniques being invented every day, generally all 
printing techniques can be classified into three types of printing protocols as addressed by [1]. 
The information presented in this section extensively uses the material presented in [1] and has 
been presented here by permission of the author whom I would like to specially thank; to build a 
foundation for material that is presented in the next chapter. 
2.2.1 Additive Transfer 
Additive transfer allows the deposition of a variety of materials. It involves the transfer of 
the ink material from the stamp onto a receiving substrate. In this method a patterned stamp is 
first inked and then the inked stamp is brought into contact with the target substrate to pattern it. 
The stamp is then removed from the substrate leaving behind the ink pattern on the target 
substrate.  Figure 1 shows a schematic of the process. To ensure accurate film transfer a number 
of techniques such as stamp and/or receiving substrate surface modification, heat and pressure 
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application can be employed during the printing process. This transfer technique includes 
processes like “micro contact printing”, “nano transfer printing”, “Gravure printing”, “Decal 
transfer lithography”, “Directional Sliding” etc. 
2.2.2 Subtractive Transfer 
In this technique a patterned stamp is brought into contact with an inked substrate. After 
contact the ink is peeled back removing material from the points where contact was made and 
Figure 1. Schematic illustration of additive transfer process 
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resulting in patterning of the surface. This process is illustrated schematically in figure 2. This 
method of printing can be used to directly pattern active materials on the target substrate. 
Practical applications also involve use of external stimuli to enhance the transfer of material. A 
few examples of such a transfer process are “Imprint lithography”, “Lift-up soft lithography”, 
“Hot lift-off” and “Detachment lithography”. A wide variety of material including metals, 
organics/small molecule semiconductors, polymers and colloids can be patterned using this 
technique 
2.2.3 Selective Pick and Place 
This technique uses the dynamic modulation of the adhesive of a viscoelastic material 
used as a stamp to facilitate the retrieval and print of functional material and/or micro devices. In 
this transfer process a stamp is brought in contact with a pre patterned donor substrate with micro 
devices fabricated on it. The stamp is then quickly peeled back from the donor and the 
microstructures attach to the stamp. The inked stamp is then brought into contact with the target 
substrate and then peeled away slowly releasing the microstructures and leaving them printed 
onto the target substrate. This process is shown schematically in figure 3. 
2.3 Conclusion 
Standard fabrication technology has excelled at packing functionality into small areas 
however newly developed applications and classes of devices are challenging what is possible 
using current fab techniques. Devices like transparent displays, bio compatible electronics, 
energy harvesters on flexible substrates, stretchable and non-planer electronics, etc. are paving 
the way for the development of low cost, high throughput processes that can address the 
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limitations of traditional fabs. In view of these requirements for low cost, high throughput and 
flexible form factor, processes utilizing some form of printing for fabrication have emerged as 
one of the most efficient techniques by which to achieve these criteria.  
  
Figure 3. Schematic illustration of selective pick and place process 
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Chapter 3: Introducing Micro Transfer Printing 
 
Currently micro and nanostructures are commonly produced using processes like photo-
lithography, electron beam writing and X-ray lithography.  These are proven technologies that 
provide high quality outputs but there are inherent problems in these techniques such as high 
cost, slow processing, large resource consumption, limited range of substrates and large pattern 
production is difficult [2].  A technology is required to enable economical manufacturing with 
high throughput and flexibility that can accommodate a wide array of substrates. This chapter 
focuses on introducing micro transfer printing; its basic operating principle, stamp and device 
fabrication and the transfer printing tool developed here at Illinois.  
Micro transfer printing (µTP) is a recently developed technology that promises to address 
some of the processing gaps in current micro-fabrication techniques. In micro transfer printing a 
patterned elastomeric stamp made of Polydimethylsiloxane (PDMS) is used to pick micro and 
nano structures made using standard micro fabrication processes and print them onto a target 
substrate which can be glass, plastic, fabric or any other material. The circuits or devices to be 
printed are fabricated using standard micro fabrication methods in IC foundries. Micro transfer 
printing can be used for the creation of devices such as flexible electronics, transparent displays, 
wearable electronics, conformal bio-compatible sensors and many other devices that are not yet 
possible because of material or processing limitation of standard micro fabrication processes [7] 
[8]. Figure 1 shows some examples of devices fabricated using transfer printing. [7] [9] [10] [11] 
[12] [13] 
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3.1 How Micro Transfer Printing Works 
The ability to integrate high performance semiconductor devices onto foreign substrates 
can lead to superior and novel functionalities not possible with current devices tethered to rigid 
substrates. These heterogeneously integrated systems have the potential to impact various areas 
in electronics, optoelectronics, bio-sensing and photovoltaics [14]. 
Micro Transfer printing has proven to be a very effective process at performing 
heterogeneous integrations. It provides a facile method for deterministic, high-speed printing of 
semiconductor devices onto novel target substrates with area expansion utilizing kinetically 
controllable adhesion of PDMS. In micro transfer printing a patterned stamp made of an 
(a) 
(d) (e) (f) 
(c) 
Figure 4. Some examples of devices made using transfer printing. (a)Transparent carbon nanotube based transistors [4]. 
(b) GaN transistors on plastic substrate [6]. (c) LED on stretchable substrate [2]. (d) OLED display with printed 
electronics [5]. (e) 
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elastomeric material (PDMS) is brought into contact with a donor substrate having pre-fabricated 
microstructures on it. The stamp is brought into contact and then peeled off the donor substrate at 
high speed; this results in the microstructures breaking off from the donor substrate and sticking 
onto the stamp. The stamp is then brought into contact with the target substrate and slowly 
peeled back from the surface leaving the microstructures printed onto the target substrate. Figure 
2 shows a pictorial representation of the micro transfer printing process using a patterned 
elastomeric stamp. 
 
 
Figure 5:   Large area mass transfer printing of silicon “ink” pads. (a) Silicon “ink” on donor substrate, (b) PDMS stamp 
after “ink” removal, (c) Transfer printed array of “ink” on target substrate 
 
Micro transfer printing works by picking up and printing specially fabricated 
microstructures onto a target substrate. The key concept behind device retrieval and release is the 
strongly rate-dependent separation energy of solid objects from an elastomer. The physics 
governing the rate dependent adhesion of PDMS stems from the viscoelastic response of the 
elastomeric PDMS stamp. Figure 3 shows the rate dependence of separation energy G and 
velocity for steel cylinder rolling on a PDMS inclined plane. The same qualitative effect is seen 
for transfer printing [15]. At low speeds the separation energy Gpdms is small for the elastomer-
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microstructure interface compared with the microstructure substrate interface Gsubstrate. Thus at 
low speeds the elastomer-microstructure interface breaks more readily. Since Gpdms is strongly 
dependent on delamination velocity and  Gsubstrate  is usually independent of it; as the 
delamination velocity increases Gpdms  increases relative to Gsubstrate until it become higher than 
Gsubstrate . This allows the elastomer-microstructure interface to become stronger than the 
microstructure-substrate interface [15]. This rate dependent adhesion is the main force used in 
picking up and printing microstructures during micro transfer printing [16]. Figure 4 shows a 
schematic diagram of the energy release rates for the two types of interfaces encountered during 
transfer printing. The intersection of the horizontal line in the middle with the curve represents 
the critical peel velocity for the kinetically controlled transfer printing. The horizontal lines at the 
top and bottom represent very strong and very weak microstructure/substrate interfaces 
respectively, corresponding to printing only and pickup only [17]. 
 
Figure 6. The rate dependent adhesion of a steel cylinder rolling down an inclined 
slab of PDMS [10] 
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3.2 Stamp and Device Fabrication 
The most significant challenge associated with realizing heterogeneously integrated 
devices comes from the disparate nature of materials and the various techniques needed to 
fabricate them. As a result, almost every integration technique starts with independent fabrication 
of functional components followed by assembly onto a single target substrate [15]. Circuits or 
devices used in micro transfer printing are no different. These microstructures are fabricated 
using standard micro-fabrication techniques with the exception that there has to be a sacrificial 
layer beneath the microstructures which can be etched away later on to release the 
microstructures. In the case of silicon the use of SOI wafer is preferred and the buried oxide is 
used as a release layer. In case of GaAs circuits the sacrificial layer can be AlAs. 
Figure 7. Schematic diagram of critical energy release rates for the 
microstructure/substrate interface and for the stamp/microstructure 
interface. 
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One the circuits or devices have been patterned and fabricated, the wafer go through a 
horizontal etch to remove the sacrificial layer and subsequently release the structures. Micro 
tethers or anchors which are designed to break in a controlled manner during the pickup process 
are used to hold the devices in place on the surface of the source wafer [18]. Figure 8 shows a 
schematic for fabrication of square Si chips with Photoresist anchors on an SOI wafer. This 
illustrates the process of fabricating microstructures that are designed to be transfer printable.  
The released devices after fabrication and removed from the donor wafer using an 
engineered elastomeric stamp. The elastomeric stamp is the key to this technology. It is specially 
designed with posts that match up with the type and dimensions of the microstructures that are 
being printed. Using multiple posts i.e. points of contact with the donor substrate both massively 
parallel transfer as well as geometric magnification or concentration can be achieved. 
 
  
  
            
  
               
  
  
  Photo Resist 
Silicon 
Silicon dioxide 
(a) 
(b) 
(c) 
(d) 
Figure 8.Schematic representation of transfer printable microstructure fabrication. (a) Photoresist patterning for 
device fabrication. (b) Device fabrication. (c) Anchor definition and patterning. (d) Sacrificial etch and release of the 
microstructures.  
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The elastomeric stamp is fabricated using a molding process. The elastomer used is a 
commercially available silicone polymer called poly(dimethylsiloxane) (PDMS, Dow Corning -
Sylgard 184).  PDMS is currently used as the primary material for transfer printing because of its 
ability to natively adhere to most micro and nanostructures via van der Waals atomic and 
molecular force interactions. PDMS also forms a hardened transparent rubber which is essential 
to the micro transfer printing process since alignment and process diagnosis is done by looking at 
the stamp face through the back of the stamp. The PDMS stamp is formed using a negative mold 
made from a negative tone epoxy based photoresist (Microchem corp. – SU-8). The mold is 
formed using photolithography, after mold formation a hydrophobic layer is deposited onto the 
SU-8 mold to assist in the release of PDMS from the mold once it is cured. The dimensions of 
the posts that are used to pick up the microstructures are controlled using the photolithography 
process and the thickness of the PDMS is controlled by spin coating PDMS onto the SU-8 mold. 
The PDMS is then cured between 75-100 °C. After polymerization and cross-linking, PDMS 
samples will possess a hydrophobic smooth external surface [19]. After stamp fabrication the 
PDMS is attached to a glass surface and forms the final stamp that will be used in the micro 
transfer printer. Figure 9 shows a schematic representation of the stamp forming process, 
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3.3 Transfer Printing Tool 
This section presents work done in collaboration with Steven Elgan. The material 
presented here has been taken from his thesis and is presented here in a compressed format to 
introduce the reader to the automated transfer printing machine.  
In order to perform large area transfer printing with variable areal coverage, high 
throughput and overlay accuracy we have developed two versions of CNC based automated 
micro transfer printing machines. The first version of the automated transfer printer was 
developed in 2007 using off the shelf components. It served as a great tool to study automated 
transfer printing and was used in the development of printed thin film solar cells and large area 
transparent displays using GaAs light emitting diodes. 
The first version of the transfer printer had overlay accuracy of ±15µm in X and Y 
directions. This when compared to a 100 µm; which is the typical dimensions of devices 
Figure 9. Schematic of PDMS stamp and SU-8 mold fabrication. (a) spin coat SU-8 on silicon 
wafer. (b) Photolithography and subsequent development of SU-8 for mold definition. (c) Pour 
PDMS into SU-8 mold and cure. (d) Release hardened PDMS from SU-8 mold.  
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currently being used with automated transfer printing becomes significant. Figure 10 shows and 
image of transfer printed microstructures onto fiducial marks using an automated print. The first 
version also required the user to automate the printing process by writing program code using G 
codes which resulted in a limited number of users using the automated printer. The first version 
also used PDMS stamps that had a very large overall area of several square inches but the usable 
area for transfer printing was usually a couple of square millimeters. The large stamps would 
regularly be curved which created issues of achieving parallel alignment with the donor and 
target substrates. All of this resulted in a very tedious and slow process. 
 
Figure 10. Graphic showing the vertical error of the deposited GaAs chiplets in relation to a strait lithographically 
deposited line of Au 
 
Using the lessons learned from the first version of the automated transfer printer a second 
version was designed and build in 2009. High priority was given to stage accuracy and 
repeatability. The second version of the automated transfer printing tool consists of and XY table 
which holds the donor and target substrates; attached to a granite base, a Z stage with a rotation 
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stage mounted on it; attached to a bridge, the stamp is attached to a specially designed stamp 
head that attached to the rotation stage and is held in place by vacuum. The second version of the 
transfer printing tool is shown in Figure 11. 
 
 
Figure 11.  Aerotech X,Y,Z,θ stages mounted on granite base. 
 
The following design specifications were chosen for the printer: 
 X & Y stage accuracy and repeatability of ≤ 1μm over 200mm2 
 Z stage accuracy of ≤ 1μm with 150mm to be able to integrate multiple 
accessories and large substrates if desired  
 Rotational stage with accuracy of ≤ .001° 
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 Precision mounted XYZ stages to ensure perfect orthogonal and parallel 
alignment.   
 A tip/tilt stage mounted to XY platform for additional parallel alignment 
flexibility between the PDMS stamps and substrates 
 An independent XYZ stage mounted optical viewing system 
 24x magnification objective with fine capable of resolutions down to ≤ 5μm. 
 Stamp holder mount capable of quick and easy exchange and alignment of PDMS 
stamps 
 Modifiable substrate platform capable of securely mounting substrates of varying 
size, geometry, and texture.  
 
Using the design specification, commercially available stages were chosen to build the 
new version of the transfer printer.  The following stages and controller from Aerotech were 
chosen for manufacturing the automated transfer printing tool: 
Table 1:  Base Components for 2009 Model Transfer Printer 
 
 
After assembly and installation of the tool, the optics and optics mount were designed to 
match the printer hardware.  The optical system was designed with the following hardware: 
 
Component Manufacturer Model Control Type Accuracy Travel Range
X Stage Aerotech ALS20020 Automated Linear Servo Motor ±1μm 200mm
Y Stage Aerotech ALS20020 Automated Linear Servo Motor ±1μm 200mm
Z Stage Aerotech PRO225-150 Automated Ball/screw ±1μm 150mm
θ Stage Aerotech ALAR-100-LP* Automated Direct drive Rotary ±1° 360°
Tip/Tilt Aerotech Custom Manual Screw -- ±3°
Motion Controller Aerotech A3200 6 AXES Firewire to PC ±1pm --
*The ALAR-100-LP was  later exchanged for the ALAR-150-LP due to the increased capabi l i ty of the larger 150mm aperature.     
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Table 2: Motion Stages used in the Optical System 
 
 
Table 3. Camera and Optics used in the Optical System 
 
 
The stamp design was also modified. The first version of the transfer printer used 
composite stamps with glass and fiber glass embedded in the stamps to provide rigidity. For the 
second version of the transfer printer the stamp resign was modified. The newer stamps were 
fabricated using thin layers of PDMS usually 2mm or less and were much smaller in size; these 
Component Manufacturer Model Control Type Accuracy Travel Range
X Stage Zaber T-LS28M Auto/Man Linear Motor ±15μm 28mm
Y Stage Zaber T-LS28M Auto/Man Linear  Motor ±15μm 28mm
Z Stage Zaber T-LSR150B Auto/man Ball/screw ±8μm 150mm
Component Manufacturer Model Control Type Resolution Field of View
CCD camera Luminera Infinity 2-1 USB Color 2 Megapixel --
Microscope Navitar 12X zoom Auto zoom/focus motorized 4.6 µm 50μm-3mm
Ring light Navitar 60 LED Ring manual LED -- --
Adapter tube Navitar 2X Adapter -- adapter 2X (or 2.3µm) --
2X lens attach Navitar 2X lens attach -- adapter 32mm DOF
Figure 12. Transfer printer model 2009 graphical user interface 
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after forming were attached to regular glass slides forming the final stamp. This eliminated the 
problem with bowing of the stamp. The attachment of the stamps was also much easier. The first 
version required the stamp to be attached to the holder using 18 screws, in the newer version the 
glass slides are held in place using vacuum. 
The software was also modified, to widen the user base and to make the automation of 
the transfer printer easier. A graphical user interface was developed, user were given the ability 
to fully automate the printing process without the need to program using G codes. Transfer 
printer model 2009 graphical user interface Figure 12 shows an image of the GUI used with the 
second version of the transfer printer.  
  
 23 
 
Chapter 4: Stamp Instrumentation 
 
4.1 Introduction 
Micro-Transfer Printing is a process in which a patterned viscoelastic stamp is used to 
pick up and transfer functional microstructures made by standard microfabrication techniques in 
dense arrays on typical growth/handle substrates (such as silicon, germanium, sapphire or quartz)  
to a broad range of receiving substrates such as transparent, flexible  and stretchable polymers or 
biocompatible silks. This allows the creation of devices such as flexible electronics, transparent 
displays, wearable electronics, conformal bio-compatible sensors and many more. The typical 
size of the micro fabricated structure ranges from 10’s of microns up to millimeter scale. The 
microstructure donor substrate is usually densely packed and can be of centimeter scale. The 
functional substrates’ dimensions are in the centimeter scale with the devices often sparsely 
distributed on the substrate. The stamp surfaces are typically patterned with features with the 
same size as the microstructures being printed. For parallel printing, these posts are distributed at 
distances that correspond to the pitch at which the microstructures are assembled into the 
functional substrate. Clearly, for high-rate, throughput printing, the trend is towards larger 
stamps that pick and print larger numbers of microstructures in a single step.   
4.2 Motivation 
As the parallelism increases, it becomes increasingly challenging to monitor and control 
what happens at a single post, leading to a general loss of robustness of the entire process. Small 
misalignments between the substrate and the stamp get magnified as the size of the stamp 
increases causing substantial variations in the printing conditions at posts in different areas of the 
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stamps leading to printing failures.  Failure to print a microstructure in one cycle can result in 
repeated failures at that post in subsequent cycles until the failure is identified and the residual 
micro-structure is removed. When large receiving substrates are involved, flatness and waviness 
of the substrates give rise to non-repeatable variability in printing conditions across the stamp. 
Finally, when large area expansions are involved, i.e., the printed microstructures has a high 
pitch or low areal density on the receiving substrates, the stamps used have posts that are spaced 
far apart and are therefore susceptible to stamp collapse [8,10], especially when larger printing 
forces are used to compensate for misalignments between the stamp and the substrate. Such 
collapses, when they occur on the donor substrate, damage it by peeling out microstructures 
wherever contact occurs. Some of these failure modes are shown schematically in Figure 13. It is 
therefore important to explore strategies to monitor and control the process at the scale of 
individual posts on the stamp 
 
In this chapter we present the initial study exploring the feasibility of printing with meso-
scale instrumented cantilevers. Conceptually, the bulk PDMS behind the posts is replaced by an 
array of cantilevers, each carrying a PDMS post and anchored on a rigid substrate. The 
Figure 13. Schematic representation of some failure modes 
encountered during transfer printing process. (a) Angular 
misalignment of stamp. (b) PDMS stamp collapse. (c) 
Acceptor substrate defect (waviness/bowing). 
(a) 
(b) 
(c) 
Acceptor 
Substrate 
Stamp 
Devices 
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compliance of the bulk PDMS is now replaced by that of the cantilever array, but the 
deflections/forces at each post can be observed individually by strain gages embedded in each 
cantilever. This information can be used to detect measure and compensate misalignments 
between the stamp and donor or receiving substrates. The deflection/force signals can also be 
used to detect contact between the stamp and the substrate. This circumvents the need to program 
the printing cycle in terms of positions, a strategy that makes the process vulnerable to failure 
modes identified above.  
This chapter is arranged as follows, initially the design concept along with the modeling 
is presented, next integration and calibration of such a cantilevered stamp to the transfer printing 
tool is addressed, then results of printing with a single cantilevered post are presented and 
finally, we draw up conclusions and suggest direction for future work. 
4.3 Cantilever Stamp Design 
The basic concept for instrumenting the stamp is to use a compliant cantilever with an 
embedded strain gage and a PDMS post attached to its free end. This arrangement allows for a 
compliant system that can be tuned by varying the dimension of the cantilever. The whole 
system is designed to have stiffness such that the small forces encountered during the Transfer 
Printing Process can deflect the cantilever enough to produce a measurable strain at the gage. 
Such an arrangement provides a facile approach to stamp manufacturing that is inexpensive and 
easily integrated into an automated transfer printer. In this work, for the purposes of prototyping 
a cantilevered stamp, a commercial-off-the-shelf strain gage is used as the sensor. 
The operating principle of the sensor is based on the strain induced in the cantilever by 
the external/printing force. These forces produce bending in the cantilever; this bending produces 
a strain in the cantilever which is sensed as a change in resistance in the serpentine conductor. 
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This change in resistance is converted into a voltage signal by subsequent signal conditioning 
and amplification. Figure 14 shows a 3D concept image of the cantilever sensor based stamp. 
 A typical transfer printing application involves printing microstructures whose lateral 
dimensions range from 10’s of microns to several 100’s of microns. For the purpose of the initial 
study we use 250x250 μm squares of polished silicon as the nominal design for the ink.  The 
cantilevers will therefore be integrated with PDMS posts of the same dimensions that are 100 
Figure 14. 3D concept drawing of a transfer printing stamp made of 
cantilevers with integrated strain gages. (a) side view of a single post 
showing the stamp and cantilever attached to a rigid support. (b) 
Single post unit view. (c) Stamp face 
(b)  
(c)  
Stamp 
Cantilever 
Rigid Support 
(a)  
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microns tall. Previous research has shown that one might expect maximum forces, when printing 
with a 100 um x 100 um PDMS post, of around 1.5 mN. [20] 
For reference, a test was conducted on a 100 μm tall, 250 x 250 μm PDMS post with a 
1mm thick backing layer. The PDMS used has a polymer to cross-linker ratio of 10:1. The post 
was formed using the well-developed casting and curing technique of patterned layers of 
photoresist (SU8-50, MicroChem Corp.) on silicon wafer as template/mold for PDMS posts. 
Figure 15 shows the force versus deflection curves obtained for this post. The experimental 
measurement described below, shows that the PDMS post has a stiffness of 600 N/m. 
Force-sensing measurements were performed in a custom setup utilizing a 10 gram load 
cell (GSO-10, Transducer Techniques) mounted to the automated printing tool shown in Figure 
2.  During tests, the molded stamp was brought into contact with clean, bare piece of silicon 
mounted to the load cell and allowed to relax for 5 seconds.  Following relaxation, the Z-axis of 
the transfer printer was moved by 3 um increments, pressing the stamp into the silicon and 
recording the change in load.  The procedure was repeated for both loading and unloading 
conditions. The average stiffness of the PDMS stamp measured from these experiments is 600 
N/m. This gives us an upper bound on the stiffness of the cantilever, since for a particular 
applied force; the strain will be divided between the post and cantilever. Thus if the cantilever 
stiffness is much greater than the post, most of the strain will be produced in the post and the 
stain in the cantilever will be small. Also the signal coming out of the cantilever strain gauge is 
directly proportional to the strain induced in the cantilever, thus it is advantageous for the 
cantilever to undergo more strain than the post since it improves the signal to noise ratio. 
Choosing a cantilever with much more compliance than the stamp is helpful to the process of 
signal transduction. For our application we selected the ratio of compliance of the cantilever to 
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the PDMS post to be 10:1 so that a large strain can be induced in the cantilever for relatively 
small strain values of the PDMS. 
4.4 Cantilevered Stamp Modeling and Fabrication 
The SGD-2/350 LY13 strain gage from Omega Engineering Inc. was selected to form the 
cantilever stamp. The strain gage has a nominal length and width of 7.6 mm and 5.8 mm 
respectively [21], the thickness of the cantilevers is measured to be 0.65 mm. The strain gage 
consists of a polyimide base with an integrated constantan sensing element.  
The strain gage is integrated into the stamp by bonding it using an adhesive (SG410, 
Omega Engineering Inc.) to the edge of a glass side that serves as the stamp holder. The nominal 
length and width of the cantilever after being attached to the glass are 3.0 ± 0.1 mm and 5.8 ± 0.1 
mm respectively. The stiffness of the cantilevers without the PDMS post on them was tested 
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Figure 15. Force Displacement curve for stiffness test of a 250 μm x 250 μm, 100 μm tall PDMS post 
with 1 mm thick back layer 
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first. The experiment was conducted using a 10g load cell (GSO-10, Transducer Techniques) that 
had a sharp tip attached to it. After mounting the stamp onto the transfer printer, the free end of 
the cantilever was brought into contact with the sharp tip attached to the load cell and then the 
stamp was moved through prescribed distances while force readings from the load cell were 
recorded, four test were done on each stamp with three different stamps of the same dimension 
being tested. Later the force-deflection data was plotted and the average stiffness of the 
cantilevers was extracted from the data. Figure 16 shows the force – displacement curve and the 
value of the stiffness obtained for 3 stamps.  
A mathematical model of the cantilever stamp was also developed. Even though the 
constantan used in the strain gage is only 5 um thick, the large elastic modulus of 162 GPa 
compared with an elastic modulus of 3.2 GPa for Polyimide, [22] cannot be ignored when 
considering the effects on cantilever stiffness. Thus a simplified approximation ignoring the 
constantan cannot be used. Instead a composite model for the cantilever is developed to predict 
the stiffness of the cantilever more accurately. 
The force–deflection relationship of a cantilever using the simplified model is given by  
 3
3
FL
y
EI
  
(4.1) 
Where y is the deflection of the free end of the cantilever, F is the applied force, L is the 
length of the cantilever, E is the Young’s Modulus and I is the moment of inertia of the 
cantilever section. The stiffness is given by 
 
3
3EI
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L
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Using the composite section the force – displacement relationship is given by 
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In the above equations y is the deflection of the free end of the cantilever, F is the applied 
force at the free end, E1 is the Elastic Modulus of Polyimide, I1 is the moment of inertia of the 
Polyimide section, I2 is the moment of inertia of the Polyimide and Constantan composite 
section, L is the total length of the cantilever, and x is the length of the part of the cantilever that 
only consists of polyimide. Figure 16 shows the force–displacement curves obtained from the 
experiments and from the simplified and composite model. The difference between the values 
predicted by the two models is almost 12%. 
The cantilever senses forces applied to it as a change in resistance in its sensing element, 
which is produced by the strain induced by the applied force. The strain produced in the 
cantilever is given by 
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Here, x is the length of the sensing element, y is the distance of the sensing element from 
the neutral plane, E is the Young’s modulus of polyimide, I is the moment of inertia of the 
polyimide and constantan composite section and F is the applied force. The change in resistance 
of the of the sensing element is given by 
 
o gV GR   (4.10) 
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Where ε is the strain, G is the gage factor and Rg is the nominal resistance of the strain 
gage. The strain gage is then connected to a Wheatstone bridge whose output is connected to an 
Instrumentation Amplifier that amplifies the signal by 4000 times. The output from the amplifier 
is interfaced with a computer using a data acquisition system (NI USB-6009, National 
Instruments). The final output voltage of the system is given by 
 
 
(4.11) 
 
Where R is the resistance of a single resistor in the Wheatstone bridge    is the excitation 
voltage and Rg is the nominal strain gauge resistance and A is the amplifier gain. Figure 17 
shows the measured and predicted values of force versus output voltage  
The PDMS post was attached to the free end of the cantilever by pressure after cleaning 
the two surfaces with oxygen. After attaching the PDMS post the length of the cantilever is 
reduced by 400 μm. Using the reduced length, the model predicts the stiffness of the cantilever to 
become 80.2 N/m. Using the stiffness of the PDMS post of 600 N/m; measured earlier and 
noting the fact that the PDMS post and the cantilever combined should behave like springs in 
series, the stiffness of the overall system is given by, 
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This comes out to be 70.6 N/m. An experiment similar to those described earlier was 
done to characterize the stiffness of the cantilevered stamp; the experiment showed that the 
stiffness of the cantilevered stamp is 68.7 ± 1.5 N/m, producing a discrepancy between 
experimental and theoretically predicted value of about 2.5%.  The stiffness of the overall system 
comes out to be 11.45% of that of the PDMS post alone which is close to the originally intended 
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stiffness ratios. Figure 18 shows the Force – Deflection relationship for the stamp and image of 
the final fabricated stamp. 
4.5 Scalability 
To study the usability of instrumentation with the transfer printing process we started 
with commercially available strain gauges. These strain gauges have dimensions on the order of 
several millimeters and are not feasible for the formation of dense arrays of these sensors. To 
Figure 17. Force voltage curve and measured sensitivity of the 3 cantilevered strain 
gages 
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form dense arrays of such sensors we would have to utilize micro-fabrication techniques for the 
formation of sensors with micrometer dimensions. Current literature has many reports on the 
development of SU-8 and Polyimide based cantilevers with integrated strain gauges. An array of 
six free-standing parallel cantilevers, with a length of 500 μm, width of 100 μm, and thickness of 
10.8 μm have been presented by [23]. Fabrication of SU-8 cantilever with integrated Nichrome 
strain gauge is demonstrated by [24]. SU-8 cantilevers 100 μm in length were reported by[25]. 
Thus we believe that using micro-fabrication the cantilevers used in the stamps can be scaled 
down to form dense array of sensors for use in transfer printing. 
To print arrays of microstructures that need to be more closely packed than the array of 
cantilever sensors on the stamp, multiple pick and place steps can be done to have 
microstructures with pitch smaller than the pitch of the cantilevers on the stamp. In this way the 
cantilevers on the stamp can be farther away from each other and the devices printed can still be 
close together.  
4.6 Experimental Results 
 The cantilever stamp was attached to the transfer printer and experiments were 
conducted to verify the ability of the stamp to print the micro devices and detect contact and 
forces during the printing process. For printing experiments 3 um thick, 250 um x 250 um 
squares of silicon were fabricated on SOI wafer to serve as the micro-structures to be printed. 
Three experiments were conducted. The first experiment was to test the ability of the printer to 
detect contact and to maintain a specific preload. The second experiment compared the 
delamination forces of the cantilever stamp to a simple stamp and studies the viscoelastic 
behavior of the cantilever stamp. For the final experiment a 3 x 3 array of microdevices was 
printed using automated printing with contact detection. 
 35 
 
 
0
5
10
15
20
25
0 0.5 1 1.5
D
ef
le
ct
io
n
 (
μ
m
) 
Force (mN) 
Force Deflection Relationship 
 
Objective 
Stamp Holder 
(c) 
Cantilevered 
stamp 
Figure 18. Force Deflection curve of the cantilevered stamp. (b) Image of 
cantilever attached to glass. (c) image of stamp loaded onto the printer 
(b) 
5 mm 
 36 
 
4.6.1 Contact Detection 
To test the ability of the cantilever stamp to sense contact it was mounted onto the 
transfer printer in place of a conventional bulk patterned stamp as shown in Figure 18. The 
printer was then programmed to move the stamp at a constant speed (in the Z direction of the 
printer) so that it made contact with a silicon substrate that was mounted on the printer’s table. 
The evolution of the output voltage from the stamp is shown in Figure 19 for approach velocities 
of 50 μm/s and 200 μm/s. 
Figure 19. Output voltage from the cantilevered stamp:  the red curve is the filtered output from a low 
pass filter with a cutoff frequency of 30 Hz, the black line is the output of a moving average smoothing 
filter. (a) Output voltage waveform for 50 μm/s approach 
Cantilever attracted to 
Substrate 
Contact  
Stage motion loading 
stamp  
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As the stamp approaches the substrate, electrostatic forces cause the cantilever to bend 
towards the substrate. Eventually after contact is made, further, motion of the stage towards the 
substrate causes the loading of the stamp. This loading of the stamp initially relaxes the strain 
caused by the bending of the stamp towards the substrate under electrostatic attraction. If the 
motion is continued, the cantilever is deflected upwards, causing the voltage to decrease. The 
rate of decrease is proportional to the speed at which the stage presses the post on the cantilever 
into the substrate. This type of signal is seen in every contact event involving a cantilevered 
stamp. The sharp reversal of the voltage signal provides a facile and robust means of detecting 
contact. The gradual increase in voltage when the post is close but not yet in contact is a good 
predictor of impending contact and can be used to adjust the stage velocity to more accurately 
control the contact force. 
4.6.2 Delamination Forces 
The transfer printing process depends on the viscoelastic nature of PDMS and uses the 
velocity dependent adhesion of PDMS to pick up and print functioning micro devices, thus 
studying the effect of the cantilever stamp on the rate dependent adhesion of the PDMS post is 
very important. To study the effect of the cantilever on the printing process, delamination forces 
encountered when using a patterned bulk PDMS stamp and a cantilevered stamp for different 
velocities were measured using a 10g load cell.  
In both cases, the stamp is brought in contact with a silicon substrate, preloaded by the 
same force. The stamp is then withdrawn and the peak force during delamination is measured. 
This peak force is then plotted for different speeds of withdrawal of the stamp. Figure 20 shows 
experimentally measured delamination force. It shows a typical force-time plot of repeated 
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delamination of the stamp from a silicon substrate at different withdrawals speeds. The peak 
forces from such an experiment for the two stamps are then plotted against delamination 
velocity. The black squares correspond to data for the simple PDMS post while the red squares 
correspond to data for the cantilever stamp. 
The experimental results show that the delamination forces are reduced in the case of the 
cantilevered stamp due to the large compliance of the cantilever. While these reduced 
delamination forces between the stamp and silicon may pose problems during the pick-up phase 
of the printing cycle, they are advantageous during the deposition phase of the cycle. In the next 
section, the use of the cantilever stamp for pick up and printing is discussed. 
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4.6.3 Automated Printing with Cantilever Stamps 
To demonstrate that the cantilever stamps are a viable technology for transfer printing, a 
3 x 3 array of 250 x250x3 microns silicon chips was transfer printed from a micro fabricated 
donor wafer to a PDMS-glass receiving substrate. The printing cycle is completely automated 
and, instead of programming stage positions into the printing cycle, contact events are detected 
by the stage and different phases (e.g. loading of the stamp against the ink/substrate, withdrawal 
of the stamp, etc.) of the printing cycle are executed by the controller.  For contact detection a 
threshold value was selected, as the stamp made contact and the output voltage dropped below 
the threshold the Z axis movement was stopped, to avoid overshoots the approach velocity was 
kept constant at 50 um/s.  Figure 21 shows a typical force trace of the pick-up phase of the 
printing cycle, during which events can be clearly seen in the signal. 
The silicon chips were printed onto a glass slide coated with PDMS. Figure 22 shows the 
images taken during the printing process as well as a micrograph of a completed 3x3 array of 
printed silicon squares on the PDMS-glass substrate. Because of the poor surface quality of the 
COTS cantilevers, some of the images taken through them appear distorted.  
Figure 21. Voltage/Force evolution with time trace during the pick-up phase of a transfer printing cycle. Events such as 
contact and delamination of the microstructure from the donor substrate can be clearly detected in the signal trace. 
Approach 
Delamination 
(Pull down then release) 
Moving up 
Contact 
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4.6.4 In-situ Diagnostics 
With the ability to monitor the interaction of the stamp with the micro-structures, the 
output signal from the strain gage in the stamp can be used to diagnose the process as it is 
running. This was previously not possible with bulk PDMS stamps. Instead, constant visual 
inspection by the machine user was relied upon. 
In most of the cases if the device is picked up cleanly then it will be printed, thus 
detecting if a device was actually picked up or not will be very beneficial to the overall 
Figure 22. Images showing array of silicon chips printed with the cantilever stamps using the automated printing 
process. (a) Image of the microdevices on the mother wafer occluded by the cantilevered stamp. (b) Image of a 
device attached to the post after being detached from the mother wafer. (c) Image of the final printed array 
(b) 
250 μm 
Silicon Chips 
PDMS Post 
Thru Cantilever 
(a) 
Thru Glass 
250 μm 
250 μm 
(c) 
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robustness of the process. The micro devices that are being retrieved are designed to be lightly 
tethered to the mother wafer such that release is easily facilitated... If the device is not properly 
undercut and the force to break the tethers is greater than the force to separate the stamp/ink 
interface then the device will not be picked up. During printing the situation is reverse where 
adhesion of the device to the acceptor substrate must be large enough to break the PDMS-Silicon 
interface 
It is this difference in the magnitude of force than can allow us to detect if a device was 
picked up/printed successfully or not, once the magnitude of the force to break the PDMS - 
Silicon interface is known. Figure 23 shows the output waveform of two pickup steps, during the 
first step the device was not picked up and in the second pickup step another device was picked 
up. The difference in magnitude of the two negative peaks is 40mV which corresponds to a force 
difference of 325 μN. This demonstrates the fact that the cantilevered stamp can be used to 
diagnose critical process steps thus increasing the robustness of the transfer printing process. 
Figure 23. Output voltage for two consecutive pickup steps showing the difference in measured pickup 
force. The first downwards peak corresponds to an unsuccessful pickup, the second negative peak 
corresponds to a successful pickup. 
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4.7 Conclusion 
In this chapter we presented the work done to demonstrate the ability to print with 
cantilevered stamps. The use of such a stamp design allows for the incorporation of a sensing 
element into the stamp while still maintaining all the characteristics of the overall process. The 
sensors used in this study were commercially available off the shelf components. All the 
pertinent tests and analyses were performed to gauge the feasibility of an instrumented stamp 
based on cantilevered strain gages. Printing results have shown that the ability to sense important 
process events allows for a more robust process design. In-situ monitoring for failure conditions 
were also shown to be feasible. In the future, strain gages using standard MEMS based 
fabrication techniques will be developed. This will allow us better customization to specific 
transfer printing situations and increased precision in the control characteristics of the 
cantilevered stamps, allowing for a more sensitive devices as well as smaller sensors for create 
dense arrays of cantilevered stamps. The possibility of actuated cantilevers will also be explored. 
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Chapter 5: Remote Center of Compliance Tip Tilt Stage 
 
5.1 Introduction 
In micro transfer printing the transfer to and from the stamp is due to the dependence of 
the adhesion energy at the interface, on the stamp separation speed. During both pick-up and 
release, both the contact pressure and the separation speed must be controlled. A typical 
automated micro-transfer printing machine may have the following major components (a) an 
automated XY-stage for positioning (b) a Z-stage for moving the stamp up and down and 
controlling the separation speed and force (c) an orientation stage that assists in obtaining 
parallel alignment between stamp and the receiving and donor substrates and (d) imaging system 
used for alignment and monitoring the printing process. One of the critical components of the 
transfer printing machine is the orientation stage which provides alignment of the stamp and the 
receiving and donor substrates. The reason for utilizing an orientation stage is to prevent contact 
with the donor substrate where picking up devices is not desirable and to ensure that all the posts 
on the patterned stamp make conformal contact with the receiving substrate to print the devices..  
This chapter presents the work done on the design and development of a manual, flexure 
hinge based orientation stage for the micro transfer printing process; used for obtaining parallel 
alignment between the stamp and the acceptor or receiving substrates. As a reference, the typical 
size of the micro-devices printed with micro transfer printing ranges from tens of microns to a 
couple of hundred microns. We first present the mechanical design of the orientation stage. Then 
the design of the flexure hinge and Finite Element Analysis of the designed stage are addressed. 
Finally we present the experimental results from the testing of the fabricated stage. 
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5.2 Mechanical Design 
This section explains the kinematics associated with the orientation stage and discusses 
the design of the orientation stage. 
5.2.1 Kinematic Requirements.  
Figure 24 depicts two flat surfaces which represent the stamp and the substrate. A proper 
alignment between the two surfaces is achieved when the contacting regions are parallel to each 
other. As shown in Figure 24 such an alignment can be performed by a translation along the Z 
axis and two rotations α and β along the X and Y axis respectively. 
The proposed orientation stage provides the two rotations α and β along the X and Y axis 
respectively. The Z axis translation is provided by the Z stage of the transfer printing machine. A 
proper alignment is necessary to pick up and place devices over a large area of contact for high 
throughput and also to avoid unintended picking up of devices resulting in wastage or placement 
of devices resulting in flawed final product.  
Figure 24. Orientation motion of the stamp: (a) 3-D view 
(b) planar view of individual axis of rotation 
X 
Y 
Z 
Stamp 
(b) 
β 
α 
Z 
X 
β 
(a) 
Z 
Y 
α 
Substrate 
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5.2.2 Lateral Motion Error due to the Coupled Tilting Motion.  
In the ideal case it is required to orient the stamp without producing lateral motion, which 
can only be accomplished if the axis of rotation is at the surface of the stamp. This is difficult to 
achieve using conventional orientation stages because the orientation stage has to be above the 
plane of the stamp to avoid contact with the substrates. Figure 25 shows the coupled nature of 
rotation and translation motion that arises in commercially available orientation stages. 
Coupled motions arise when the axis of rotation is not on the surface of the stamp. In 
figure 3 loff is the distance between the face of the stamp and axis of rotation, θ is the rotation 
angle and ds is the lateral displacement. For small θ the lateral displacement is given by 
 
 sind l ls off off  
 (5.1) 
 
For example is loff =20 mm and θ =0.5 deg, then ds=174μm. This position error is quite 
large considering that the nominal size of the micro devices being manipulated is 100μm. 
Figure 25. Lateral motion arising from rotation 
about an offset axis 
Center of 
Rotation 
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5.2.3 Kinematics of the Designed Stage.  
The proposed stage uses trapezoidal four bar mechanisms with notch type flexure pivots 
as shown in Figure 27(b), where point O shows the location of the Remote Centre of Compliance 
(RCC). 
 
The orientation stage is composed of two trapezoidal linkages connected in series. This 
allows the mechanical assembly to be above the face of the stamp while keeping the axes of 
rotation at the face of the stamp.  
Flexure hinges are used instead of conventional revolute joints for their ease of 
manufacturing and precision and the dimensions of the mechanism were optimized to produce 
the smallest lateral motion of the stamp. A detailed analysis of the motion of the RCC is given in 
[26]. Figure 26 depicts the analytical model of the designed mechanism with the three 
parameters to determine the configuration of the mechanism and the corresponding shift of the 
RCC. Here, (1) φ denotes half of the angle between the two sides of the trapezoid, (2) h denotes 
Figure 27. Trapezoidal four bar mechanism (a) rigid body 
representation (b) flexural hinge structure 
Flexure Hinge 
(b) (a) 
Figure 26. : Rigid body model of flexure stage 
showing its dimensions as given in [26] 
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the distance between the small link AB and the remote center O, and (3) H denotes the distance 
between the long link DC and the remote center O. 
To increase the precision of the orientation stage it is preferred to minimize the shift of 
the remote center. From the analytical model [26], the parameters in Figure 26(a) are formulated 
as 
 tana H   
tanc h   
( ) /cosl DA H h     
2 2R OD a H    
(5.2a) 
(5.2b) 
(5.2c) 
(5.2d) 
The coordinated of D` and C` are obtained from 
 2 2 2
1 1
( ) ( )x c y h l   
 
2 2 2
2 2
( ) ( )x c y h l   
 
1 2
2 siny y a  
 
2 1
2 cosx x a    
(5.3a) 
(5.3b) 
(5.3c) 
(5.3d) 
The solution of the above system of equations gives: 
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1 2 2 2 2 2
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( 3 )cos (2 cos2 )
aK
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a a c c a c a

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 
  
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1
1 2 2
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K
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
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 
 
(5.4a) 
(5.4b) 
Where, 
 2 2 2 2 2 21 ( cos ) ( 2 cos )( 2 cos )K c a a c ac a c l ac           (5.5) 
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The coordinates of the center shift can be derived as 
 
1
cos( )y y R      
1
sin( )x x R      
(5.6) 
(5.7) 
Figure 29 shows a plot of the lateral center shift 
x  for a rotation of 1.5 degrees as for 
different values of h and φ.  
Our primary concern is to minimize the lateral shift x  of the remote center by selecting 
the optimum dimensions of the trapezoidal linkages with the help of the model [26]. This 
minimization in the lateral shift is achieved by reducing φ or increasing the ratio H
h
. The value of 
H is fixed to be 45mm; this is the maximum allowable value of H for which the orientation stage 
can fit into the transfer printing machine. The values of h and φ are 11mm and 30o respectively. 
With these dimensions the total shift along the X axis is less than 0.5μm. A CAD model of the 
trapezoidal linkage with flexure hinges is shown in figure 7. 
Figure 29. Surface plot showing the variation of the center shift 
δx for different values of h and φ for 1.5 degree rotation of the 
mechanism 
Height h (mm) Angle φ (Degrees) 
Figure 28. Final design of the trapezoidal linkage with 
flexure hinges. 
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5.2.4 Final Design.  
The orientation stage is designed to have rotation about two orthogonal axes. The transfer 
printing process requires the stage to have an aperture in the orientation stage for the optics to 
see through. For this, it is required to have two trapezoidal mechanisms similar to the one shown 
in Figure 27, connected in series orthogonal to each other and have a hole going from the top to 
bottom of the stage. 
For ease of manufacturing and low cost, a planar design allowing monolithic 
manufacturing by wire electro-discharge machining (EDM) using commercially available steel 
plates is used for the trapezoidal linkages. A folded architecture is utilized for the orientation 
stage. The two trapezoidal mechanisms are assembled in the shape of a box to provide the 
necessary aperture. This arrangement allowed the use of the same trapezoidal four bar 
mechanism for both orthogonal axes. This architecture has the flexibility of adding multiple 
trapezoidal mechanisms folded on top of each other to produce large motion ranges. 
Figure 30.. (a) Two degree of freedom orientation stage in [27](b) proposed two degree 
Figure 30.. (a) Two degree of freedom orientation stage in [27](b) proposed two degree of freedom 
orientation stage 
 (a)  
 
 (b)  
D 
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of freedom orientation stage (b) shows the two folded trapezoidal mechanisms ABCD and EFGH 
connected in series. Link DC is connected to ground and link AB is free to move, link EF of the 
second mechanism is connected to link AB, link GH is free to move and is connected to the 
stamp, which rotates about point O along two axes. The arrangement utilized in our case, 
simplifies the design, manufacturing and assembly processes. For comparison of simplicity the 
designed stage is shown with another similar design found in [27]. The orientation stage uses 
micrometer screw gauges for actuation and low profile wave springs provide preload and 
restoring force.  
5.3 Flexure Hinge Design and Finite Element Analysis 
The flexure hinges were designed using the Paros and Weisbrod formula [28]Using the 
desired range of motion of the flexure hinge the angular compliance is calculated using eq. 8. 
 
(5.8) 
 
 
Where / 2 ,  / 2t R h R   , E is the Young’s Modulus of the material,  
za  is the angular 
rotation about the Z – axis in radians and 
zM is the external bending torque. Here the desired 
rotation range is 
za =0.0436 rad. The maximum bending moment is given by: 
 m
max
2 Ip inM
t

  
(5.9) 
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Where Imin=bt
3
/12, is the smallest moment of inertia of the flexure hinge about the axis of 
rotation and σp is the stress limit of a ductile material in this case. The rotational range for the 
flexure hinge is related to the bending moment and rotational compliance as: 
 
 max max za M C  (5.10) 
A diagram of a notch type single axis flexure hinges designed for the proposed 
orientation stage is shown in figure 9(d), where b = 6.35mm is fixed by the thickness of the steel 
plate being used for fabrication, t = 0.7mm, R = 11.95mm and h = 8mm. The Young’s Modulus 
of 304 stainless steel is 193 GPA and proportional limit is 485MPa. Thus for all flexure hinges 
on the orientation stage, 
Maximum allowable rotation limit: 
maxa  = 0.054 rad 
Rotational compliance:
z
C  = 0.1189 rad/Nm 
A finite element analysis (FEA) is performed to verify the selected design before 
manufacturing. For the simulation external force was applied at the points where the actuators 
connect to the stage to represent the effect of external actuation. The stresses in the flexure 
hinges, rotation of the stamp and parasitic lateral motion are analyzed. Figure 31(a) shows the 
FEA result of a structural analysis of the orientation stage. The analysis shows that for the full 
range of motion the maximum equivalent stress acting on the flexure hinges is less than 115 MPa 
which is much smaller than the proportional limit, as desired. Thus moving the orientation stage 
through the full range of motion will not produce any inelastic deformations in the hinges. Figure 
31(b) shows the analysis done to characterize the rotational motion of the. In this case the stamp 
is rotated by 0.5 Degrees. The difference in relative deflection of the two edges of the stamp is 
because the whole stamp moves in the Z direction as it rotates. The FEA result shows that the 
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mechanism is producing the desired rotation. Figure 31(c) shows the result of FEA done to 
characterize the parasitic lateral motion of the stamp. The result shows that for the full range of 
motion of the orientation stage the maximum lateral parasitic motion at the face of the stamp 
(shown in solid colors) is less than 3μm. 
 5.4 Experimental Results 
To verify the operation of the designed stage, two experiments were conducted. For the 
first experiment the motion of the actual stage was compared to the motion predicted by the FEA 
simulations. To study the motion, displacement along the Z axis of two points lying on opposite 
Figure 31. (a) Structural analysis showing stress the flexure hinge undergoes for a full range motion of one of the axes of 
rotation. (b) Z axis displacement of the PDMS stamp during 0.5 degree rotation about the Y axis (c) structural analysis 
showing parasitic deflection along the X axis that the PDMS stamp experiences during 0.5 degree rotation about one 
axis.(d) Single axis notch type flexure hinge   
 (c)   (d)  
 (a)   (b)  
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sides of each axis of rotation, on the edge of the stamp was collected by varying the actuator 
height, through simulation. The orientation stage was then taken through the same motion range 
and reading were taken for displacement along Z axis for the same points using two Mitutoyo 
Corp. ID C112E depth gauges. For Example, displacement of point A was varied with the help of 
the actuator and corresponding Z displacement of points a` and a`` were noted Figure 32(a) 
shows the model of the orientation stage used for the simulations with the small red circles depict 
the points from which data was gathered and the correlated. The experimental results in Figure 
32(b), (c) show that the motion of the stage corresponds very well with the motion predicted by 
the model for angular deflections up to ±0.5 degrees. 
The in-plane motion of the stamp was measured by mounting the orientation stage with 
the stamp attached to the stage onto the transfer printing machine. Using the optics of the transfer 
printing machine square posts located on the face of the stamp were observed. Two frames were 
captured, the first frame was captured when the stamp was parallel to the base of the orientation 
stage, and the second frame was captured after actuating the orientation stage rotating the stamp 
through 0.5 degrees. The two frames were then compared and the total lateral motion was 
calculated by observing the amount of lateral shift in the image. The experimental results showed 
that the lateral parasitic translation of the stamp is about 3μm. Figure 11 shows the two captured 
frames and the fabricated orientation stage. Figure 33(a) shows the first frame, each square in the 
figure is 250μm. Figure 33(b) shows the second frame after rotating the stamp through full range 
of motion, the edges of the square posts in the two frames are correlated and the shift in the 
image is converted into distance moved. The experimental results show that the parasitic lateral 
motion of the stamp is significantly improved using a remote center of compliance orientation 
stage compared to conventional orientation stages for the same amount of rotation produced at 
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the stamp face. The current parasitic lateral motion is about 3% of the lateral dimensions of the 
devices that are being manipulated by the process for a 0.5 degree rotation. 
5.5 Conclusion 
This chapter presented the design and development of a flexure hinge based remote 
center of compliance orientation device. The kinematic requirements of orienting two flat 
surfaces are identified and the problem of parasitic motion associated with rotation is 
X 
Y 
Z 
Axis of rotation Data collection 
points 
A 
B 
a` 
a`` 
b` 
b`` 
 (a)  
 
 (b)  
 
 (c)  
 
 (d)  
 
Stamp 
Actuator
Figure 32(a) Simulation model of proposed orientation stage indicating points used to collect data for motion along Z axis 
(b), (c) graph of predicted motion (dashed line) and measured motion (solid line) of a pair of points at the edge of the stamp 
located on opposite sides of each axis of rotation plotted as a function of actuator extension. . (d) Assembled stage showing 
the stamp, actuators and the linkages. 
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highlighted. The stage was designed to minimize the parasitic motion. The design was optimized 
for ease of manufacturing, assembly and low cost, while maintaining scalability and fulfilling the 
requirements of the transfer printing process. Finite Element Analysis was done to verify the 
functionality of the stage. The fabricated stage was tested in conjunction with the transfer 
printing process and experimental results are obtained. The experimental results verify the ability 
of the stamp to provide the necessary motion required to orient the stamp while minimizing the 
parasitic lateral motion. 
 
 
Figure 33. (a) First frame image of the stamp surface without any rotation applied to the stamp (b) second frame image 
of the same region after a 0.5 degree rotation 
 (b)   (a)  
 
3.3μm 
250μm 
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Chapter 6: Conclusion and Future Work 
 
 
Micro transfer printing has proven to be a very effective technique at implementing 
heterogeneous integration for the creation of new classes of devices and systems. It shows a lot 
of potential for becoming a routine manufacturing process for the manufacturing of novel 
devices that are currently not possible using standard fabrication techniques.  
We have presented some of the work done to improve the process capabilities of the 
micro transfer printing process to turn it into a commercially viable technology. We addressed 
limitations with the first version of the transfer printer and developed a second version that 
provides better precision, repeatability and higher throughput than its predecessor. We 
introduced newly designed software that helped in widening the user base of the tool and made 
operating the micro transfer printer easier. 
Next we demonstrated the ability to close the loop around the pickup and placing steps. 
Using commercially available off-the-shelf strain gauges we designed a stamp that provided 
information of contact and force feedback. The stamp was made using the strain gauge attached 
to a glass base, as a cantilever and the PDMS post was attached at the free end of this cantilever. 
The strain gauge was connected to a Wheatstone’s bridge and signal conditioning circuitry and 
the output signal was fed into the micro transfer printer software. The PDMS post at the free end 
of the cantilever was used to pick up the devices and the strain induced by the interaction forces 
in the cantilever was measured as a change in voltage from the Wheatstone’s bridge. This 
provided us the ability to measure the interaction forces at the PDMS post and also to detect 
contact during pickup and printing steps as well as during setting up the printer. Using contact 
and force detection helped reduce the setup time of the printer significantly. This process 
 57 
 
development has opened up new avenues of exploration for the micro transfer printing process. 
Observing the force profiles, contact forces can be accurately modulated and the feedback 
provides a scalable way to monitor important process events at the level of individual posts 
carrying the devices, this allows performing process diagnosis and correcting any errors arising 
during the printing process autonomously. Experiments have shown consistent detection of 
contact and ability to modulate contact forces. An array of silicon chips was printed using 
automated contact detection. Changes in force signal for failed pickup or printing were also 
experimentally observed providing the ability to perform in-situ process diagnosis.  
Next we demonstrated the design and fabrication of an easy to manufacture, low cost, 
remote center of compliance (RCC) to perform tip tilt alignment between the stamp and the 
donor and acceptor substrates. We demonstrated a modular design that was simple to fabricate 
and assemble using a box structure with a single trapezoidal linkage design. Finite Element 
Analysis was used to validate the design before fabrication. The rotation of the RCC stage was 
measured and coincided well with the results predicted by the FEA model. The RCC device was 
mounted onto the micro transfer printer and a stamp was attached to it, the stamp was aligned to 
a flat glass slide using the manual actuators of the RCC stage and experimental results showed 
that the parasitic motion at the face of the stamp was less than 4 µm for a 0.5 degree rotation of 
the stamp.  
There is a great deal of additional work that can be done on further developing the micro 
transfer printing process. One future pathway that shows a lot of potential is further developing 
the cantilever stamps. Using micro fabrication dense arrays of cantilever sensors can be built and 
used as the primary feedback means. Using force modulation new printing protocols for printing 
of newer device classes and onto novel substrate materials can be formulated. Another direction 
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that can add to the functionality of micro transfer printing is adding actuation to the stamps to 
provide an ability to address individual post, to improve the throughput of the process by limiting 
the amount of travel between individual pickup and print steps. In addition to printing electronic, 
being able to assemble MEMS devices will be an important addition to the overall capabilities of 
the process and will be looked into further. 
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